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a b s t r a c t
The objective of this paper is to perform the optimal design of a novel press system with
Stephenson-I mechanism for deep drawing, and validate its feasibility. First, the system
is presented and its advantages are discussed. Then, kinematic analysis is conducted by
using the vector loopmethod.Moreover, the kinematic dimensions of the variable coupling
are synthesized by using an optimization method. Furthermore, the proposed approach
is illustrated by a design example. Finally, the solid model of the proposed design is
established, and then kinematic simulation is performed by employing ADAMS software.
The results show that proposed new press system is feasible and of better output motion
for deep drawing. In addition, it has the advantages of easymanufacture, lower cost, higher
precision, and easy adjustability.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
A press is a machine with a stationary base and an upper ram that moves along a vertical axis to shear, bend, or form
sheet metal. It is widely applied in industry for metal forming and for other tasks where a large force is required. Currently,
presses are used for most cold working and some hot working operations.
Presses can be classified asmechanical or hydraulic presses, by the power applied to the ram. Themechanical press is the
most widely used among all types of presses because of its low price and low maintenance. It uses extremely high power
produced by the flywheel, which can be applied in forming such as shearing, deep drawing, coining, bending, etc. Moreover,
the mechanical press is of high speed and is energy efficient, but lacks flexibility. On the other hand, the hydraulic press
is flexible and accurate, but has a low production rate, and is expensive to operate and build. In addition, oil leakage in a
hydraulic press may contaminate its product; hence it cannot be used in the manufacture of medical or food products.
In general, the motion of the ram of a mechanical press cannot be adjusted. However, in certain metal forming, e.g., deep
drawing or precision cutting, the ram’smotion has to be controlled tomeet differentmotion requirements. Nowadays, more
andmore demands on themotion flexibility of a press are beingmade. For instance, the stroke has to be changed according to
different thicknesses in sheet metal forming, the ram velocity has to be altered to meet different stress–strain relationships
in precision forming, and it has to be flexible to produce diverse products quickly to meet market demands. Therefore, the
search for a better way for the input of a press is an open topic to be investigated.
Yossifon and Shivpuri [1–4] proposed a double-knuckle press driven by a servo motor. Hwang et al. [5] performed
the dimensional synthesis of a mechanical drag-link drive with an optimization approach. Miyoshi [6] described how the
Komatzu Company developed a series of commercially available servo presses. Yan and Chen [7–9] proposed the method of
variable input speed by controlling a servomotor for the driving of a presswhich could performwith flexibility as a hydraulic
press does at high speed. Nevertheless, it is even more expensive to build and to operate due to employing a specially made
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Fig. 1. Generalized Oldham coupling with circular slots.
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Fig. 2. New press system.
servomotor. Hsieh [10,11] proposed a novel method for generating variable input speed by using cam-controlled planetary
gear trains. Du and Guo [12] and Meng et al. [13] presented the concept of hybrid driven presses. The presses are driven by
a constant speed motor and a servo motor connected by a differential. The servo motor needs to contribute only a fraction
of the total power, hence both the building and operating cost will be lower than a servomotor press. However, its structure
is more complicated, and a greater number of links or parts is required than for other types of presses. Hsieh and Shu [14]
proposed a novel press of Watt type, and verified its feasibility by kinematic simulation. Hsieh and Tsai [15] presented a
novel quick return mechanism that employs a variable coupling to drive a slider crank mechanism. Soong et al. [16,17]
altered the output motion of mechanical presses by varying the length of driving links using a cam mechanism [16] and by
designing the speed trajectory of the driving crank and determining the phase angle and gear ratio between two gears of a
geared seven-bar mechanism [17], respectively.
The purpose of this paper is to perform the optimal design of a novel press system with Stephen-I mechanism for deep
drawing, and validate its feasibility. First, the system is presented, and the kinematic dimensions of the system are obtained
by examining the geometry of the design. Then, the kinematic dimensions of the variable coupling are found by using an
optimization method. Finally, the solid model of the design is established, and then the feasibility of the design is verified
by kinematic simulation using ADAMS software.
2. Generalized Oldham coupling
AnOldhamcoupling can be classified, by its shape of slots or ribs, as classical Oldhamcoupling (straight slots), generalized
Oldham coupling with circular slots, and generalized Oldham coupling with curvilinear slots [18]. The generalized Oldham
coupling with circular slots consists of a frame (link 1), an input disk (link 2), a floating disk (link 3), and an output disk (link
4), as shown in Fig. 1. The classical Oldham coupling will transmit uniform motion between the input and output shafts.
However, the generalized Oldham couplings will transmit non-uniform motion and produce quick return motion.
3. New press system
Fig. 2 shows the proposed new precision deep drawing mechanism. The mechanism is composed of a motor, a constant
speed coupling, a gear reducer, a variable speed coupling (generalized Oldham coupling), and a six link mechanism. The
motor and the reducer are connected by the constant speed coupling, and then drive the six link mechanism through the
variable speed coupling. Since the variable speed coupling, in the proposed system, can be easily replaced with various
dimensions of the coupling, or changed with different assembly configurations, the position and speed of the output can
be adjusted to meet different motion requirements. Moreover, the stroke of the press can be adjusted by altering the link
length of the crank and the offset of the ram; hence the output motion of the proposed system can be arbitrarily changed
to meet different motion requirements with proper design. Since no servo motor as well as no differential is required, and
only a mechanism with one degree of freedom is used, the structure of the proposed system is simple and reliable, and the
building cost is low. Moreover, the coupling can act as a flywheel; hence the proposed system is energy effective, and can
produce large impulsive forces.
4. Kinematic analysis
Fig. 3 shows the kinematic sketch of the proposed Stephenson-I type press. Points ac0 and bc0 (or a0) denote the axes of
rotation of the input and output disks, respectively. Points ac and bc denote the arc centers of the slots of the input and output
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Fig. 3. Kinematic sketch.
disks, respectively. And point o is the point of intersection of the two arcs. Moreover, oac = r1 and obc = r2 are the radii of
the circular slots of the input disk and output disk, respectively. Also, e is the offset between the center d of the slider and
the centerline ac0bc0. Furthermore, the angle α = ̸ ac0obc0 defines the intersection angle between the two circular arcs, and
the angle β is the one that b0bmakes with b0c . In addition, b0c and cd are the link lengths of the crank and the connecting
rod, respectively. It is noted that the angle γ represents the relative position of assembly between the coupling and the
Stephenson mechanism, and the output motion will vary with different values of γ . Finally, the kinematic dimensions of
the system can then be fully defined if θ c1, ac0a0, r1, r2, α, γ , θ1, a0b0, a0a, ab, b0b, β, b0c, e, and cd are specified.
Freudenstein et al. [18] indicated that a generalized coupling can be converted into a four-bar linkage which is
kinematically identical. To perform kinematic analysis, the proposed new press is transformed into its equivalent linkage,
as shown in Fig. 4. In order not to lose generality, the lines of fixed pivots ac0a0 and a0b0 are assumed not to be parallel with
the direction of the ram’s motion. Moreover, it can be found that the proposed mechanism is a planar linkage with eight
links and ten joints. Finally, kinematic analysis is conducted with a vector loop approach, and each vector is labeled in Fig. 4.
4.1. Position analysis
Three vector loop equations can be formulated as follows:
⇀
r c2 + ⇀r c3 − ⇀r c4 − ⇀r c1 = 0, (1)
⇀
r 2 + ⇀r 3 − ⇀r 4 − ⇀r 1 = 0, (2)
−→r 2 +−→r 3′ +−→r 5 −−→e −−→S = 0. (3)
Eq. (1) can be resolved into its x and y components, respectively, as
rc2 cos θc2 + rc3 cos θc3 − rc4 cos θc4 − rc1 cos θc1 = 0, (4)
rc2 sin θc2 + rc3 sin θc3 − rc4 sin θc4 − rc1 sin θc1 = 0. (5)
Rearranging Eqs. (4) and (5), we have
rc3 cos θc3 = rc4 cos θc4 − rc2 cos θc2 + rc1 cos θc1, (6)
rc3 sin θc3 = rc4 sin θc4 − rc2 sin θc2 + rc1 sin θc1. (7)
Squaring Eqs. (6) and (7) and then adding them, we have
A cos θc4 + B sin θc4 = C, (8)
where
A = 2rc4(rc1 cos θc1 − rc2 cos θc2), (9)
B = −2rc2rc4 sin θc2, (10)
C = (rc32 − rc42 − rc12 − rc22)+ 2rc1rc2 cos θc1 cos θc2. (11)
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Fig. 4. Equivalent mechanism.
Dividing Eq. (8) by
√
A2 + B2 and simplifying it, we obtain
cosφc cos θc4 + sinφc sin θc4 = C√
A2 + B2 , (12)
where
cosφc = A√
A2 + B2 , (13)
and
sinφc = B√
A2 + B2 . (14)
Applying the adding formula of trigonometric functions to Eq. (12), then θc4 can be solved by
θc4 = φc + cos−1

C√
A2 + B2

s. (15)
Dividing Eq. (7) by Eq. (6), we then have
θc3 = tan−1

rc4 sin θc4 − rc2 sin θc2 + rc1 sin θc1
rc1 cos θc1 + rc4 cos θc4 − rc2 cos θc2

. (16)
Similarly, let θ1 = 0° and θ2 = θc4 − γ , then the x and y components of Eq. (2) can be solved, respectively, by
r2 cos θ2 + r3 cos θ3 − r4 cos θ4 − r1 cos θ1 = 0, (17)
r2 sin θ2 + r3 sin θ3 − r4 sin θ4 − r1 sin θ1 = 0. (18)
And θ4 can be solved by
θ4 = φ + cos−1

F√
D2 + E2

, (19)
where
φ = cos−1

D√
D2 + E2

, (20)
D = 2r4(r1 cos θ1 − r2 cos θ2), (21)
E = −2r2r4 sin θ2, (22)
F = r32 − r42 − r12 − r22 + 2r1r2 cos θ1 cos θ2, (23)
θ3 = tan−1

r4 sin θ4 − r2 sin θ2 + r1 sin θ1
r1 cos θ1 + r4 cos θ4 − r2 cos θ2

. (24)
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Furthermore, let θ3′ = θ3+β, θe = 0°, and θs = 270°, and substituting into Eq. (3), its x and y components can be solved by
r2 cos θ2 + r3′ cos θ3′ + r5 cos θ5 − e cos θe − s cos θs = 0, (25)
r2 sin θ2 + r3′ sin θ3′ + r5 sin θ5 − e sin θe − s sin θs = 0. (26)
Solving Eq. (25), it yields
θ5 = cos−1
−r2 cos θ2 − r3′ cos θ3′ + e
r5

. (27)
Substituting Eq. (27) into Eq. (26), the displacement of the ram is
s = −r2 sin θ2 − r3′ sin θ3′ − r5 sin θ5. (28)
4.2. Velocity analysis
Velocity analysis can be worked out by differentiating the equations deduced in position analysis with respect to time.
Due to space limitations, the results for velocity and acceleration analysis are presented directly without proofs. For velocity
analysis, the deduced equations are
θ˙c3 = rc2rc3
sin(θc4 − θc2)
sin(θc3 − θc4) θ˙c2, (29)
θ˙c4 = rc2rc4
sin(θc3 − θc2)
sin(θc3 − θc4) θ˙c2, (30)
θ˙3 = r2r3
sin(θ4 − θ2)
sin(θ3 − θ4) θ˙2, (31)
θ˙4 = r2r4
sin(θ3 − θ2)
sin(θ3 − θ4) θ˙2, (32)
θ˙5 = (−r2 sin θ2)θ˙2 − (r3
′ sin θ3′)θ˙3′
r5 sin θ5
. (33)
The velocity of the ram can be calculated by
s˙ = −(r2 cos θ2)θ˙2 − (r3′ cos θ3′)θ˙3′ − (r5 cos θ5)θ˙5. (34)
4.3. Acceleration analysis
Acceleration analysis can be performed by differentiating the equations derived in velocity analysis with respect to time.
The derived equations are
θ¨C3 = IK − HLGK − HJ , (35)
θ¨C4 = GL− IJGK − HJ , (36)
where
G = −rc3 sin θc3, (37)
H = rc4 sin θc4, (38)
I = rc2θ¨c2 sin θc2 + rc2θc22 cos θc2 + rc3θ˙c32 cos θc3 − rc4θ˙c42 cos θc4, (39)
J = rc3 cos θc3, (40)
K = −rc4 cos θc4, (41)
L = −rc2θ¨c2 cos θc2 + rc2θc22 sin θc2 + rc3θ˙c32 sin θc3 − rc4θ˙c42 sin θc4. (42)
Moreover,
θ¨3 = OQ − NRMQ − NP , (43)
θ¨4 = MR− OPMQ − NP , (44)
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Fig. 5. Position of the slider.
where
K = −rc4 cos θc4, (45)
M = −r3 sin θ3, (46)
N = r4 sin θ4, (47)
O = r2θ¨2 sin θ2 + r2θ22 cos θ2 + r3θ˙32 cos θ3 − r4θ˙42 cos θ4, (48)
Q = −r4 cos θ4, (49)
R = −r2θ¨2 cos θ2 + r2θ22 sin θ2 + r3θ˙32 sin θ3 − r4θ˙42 sin θ4. (50)
Finally, the acceleration of the ram can be obtained by
s¨ = r2 sin θ2(θ˙2)2 + r3′ sin θ3′(θ˙ ′3)2 − (r3′ cos θ3′) ¨θ3′ + r5 sin θ5(θ˙5)2 − (r5 cos θ5)θ¨5. (51)
5. Optimum design
Optimization can be defined as the process of finding the conditions that give the maximum or minimum value of
a function [19]. Alternatively, optimization is finding a design in the feasible region which maximizes or minimizes the
objective function. Traditionally, dimensional synthesis is performed by the accuracy point approach, and the number of
accuracy points is limited by the number of kinematic dimensions. In addition, when the number of links is more than six,
it is difficult to perform dimensional synthesis by the traditional approach. Most practical optimizations are, in essence,
numerical techniques, and the numbers of accuracy points and links are not limited. Therefore, the optimization method is
employed for conducting dimensional synthesis in the study.
5.1. Objective function
The purpose of the optimization for the proposed press is to minimize the state of motion of the slider. Since the velocity
and acceleration of the slider can be controlled by two or more points of its position, the objective function is set as the
square error sum of the slider between the specified and the synthesized positions, and can be expressed as
Minimize f (x1, x2, x3, x4, x5, x6) =
n
i=1
(si − ssi)2, (52)
where xj (j = 1 − 6) are the kinematic dimensions of the generalized Oldham coupling, ssi (i = 1 − n) are the specified
positions of the slider as shown in Fig. 5, n is the number of specified positions, and si (i = 1−n) is the position of the slider,
obtained from the kinematic analysis of Eq. (28).
W.-H. Hsieh, C.-H. Tsai / Computers and Mathematics with Applications 64 (2012) 897–907 903
Fig. 6. Kinematic sketch of generalized Oldham coupling.
Fig. 7. Equivalent linkage of generalized Oldham coupling.
Table 1
Design variables.
Design variables x1 x2 x3 x4 x5 x6
Kinematic dimensions rc1 rc2 rc3 rc4 θc1 γ
5.2. Design variables
The dimensions of the six link mechanism are given and kept unchanged in this work. The output motion of the slider is
altered by varying the dimensions of the generalized Oldham coupling as shown in Figs. 6 and 7. The kinematic dimensions
(rc1, rc2, rc3, rc4, θc1, and γ ) of the coupling are set as the design variables xj (j = 1− 6) of the optimization, respectively, as
shown in Table 1.
5.3. Constraints
The constraints of the optimization are mainly dominated by the space limitation of the generalized Oldham coupling.
The constraints can be expressed as
subject to g1 = x1l ≤ x1 ≤ x1u
g2 = x12 ≤ x2 ≤ x2u
g3 = x3l ≤ x3 ≤ x3u
g4 = x4l ≤ x4 ≤ x4u
g5 = x5l ≤ x5 ≤ x5u
g6 = x6l ≤ x6 ≤ x6u.
(53)
By substituting r1, r2, r2, r41, r42, r5, e, β, θc1 into the equations derived in kinematic analysis, followed by substituting
the results into Eqs. (52) and (53), the canonical form of the optimization is formulated. It can be found that it is a nonlinear
constrained optimization problem, and many optimization techniques can be employed to solve this kind of problem, for
example, sequential quadratic programming, penalty function, augmented Lagrange multiplier method, etc.
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Table 2
Dimensions.
Dimension Numerical value
θ1 −90°
a0b0 276.08 mm
a0a 81.16 mm
ab 142.12 mm
b0b 243.49 mm
β 0°
b0c 204.63 mm
cd 367.3 mm
e −141.69 mm
Table 3
Specified positions of the slider.
i 1 2 3 4 5 6
θc2i 150° 167° 184° 201° 218° 235°
ssi (mm) 48 42 36 30 24 18
Table 4
Constraints.
g1 = 50 ≤ x1 ≤ 90
g2 = 170 ≤ x2 ≤ 210
g3 = 127 ≤ x3 ≤ 167
g4 = 167 ≤ x4 ≤ 207
g5 = 133 ≤ x5 ≤ 173
g6 = −10 ≤ x6 ≤ 10
Fig. 8. Kinematic simulation.
6. Design example
The dimensions of the Stephenson-I mechanism in this example are set to be the same as those in [9], as shown in
Table 2. Moreover, the specified positions of the slider and the design constraints are assigned as shown in Tables 3 and
4, respectively. Substituting the given data in Tables 2 and 3 into Eqs. (9)–(11), followed by substituting the results into
Eq. (15), θc4 and θ2 (=θc4 − γ ) can be solved. Similarly, substituting the data in Tables 2 and 3 and θ2 into Eqs. (21)–(23),
followed by substituting the obtained result into Eq. (24), θ3 and θ ′3 (=θ3 − β) can be obtained. Moreover, substituting the
given data and θ42 into Eq. (27), θ5 can be found. After that, si (i = 1 − 6) can be worked out since all the terms in Eq. (25)
have been either given or derived. Finally, the objective function is accomplished by substituting si into Eq. (53). Since the
objective and the design constraints (Table 4) have been obtained, the optimization problem is formulated. It is a nonlinear
constrained optimization problem, and this type of problem can be solved by using the fmincon function (SQP based, with
medium scale option) in the optimization toolbox of Matlab software. The optimized dimensions are found and shown in
Table 5.
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(a) Displacement. (b) Velocity.
(c) Acceleration.
Fig. 9. Kinematic analysis.
Table 5
Optimized kinematic dimensions.
Kinematic dimension rc1 (mm) rc2 (mm) rc3 (mm) rc4 (mm) θc1 (deg) γ (deg)
Optimized 71.69 190.09 147.27 187.89 153.33 7.61
The solid models with optimized dimensions are constructed by CAITA software, and then introduced into ADAMS
software for kinematic simulation, as shown in Fig. 8. Fig. 9(a)–(c) show, respectively, the results of simulation for the
displacement, velocity, and acceleration of the slider. Fig. 10 shows the comparison between the slider velocity of the
optimized design and that of a conventional presswith a six linkmechanism in the same dimensions. It can be found that the
ram speed (about 90°–240° of the crank’s angular position) during the period is steadier than that of a conventional press.
Therefore, it is beneficial to deep drawing. Moreover, the disks and the slots of the coupling are of circular or arc shape,
hence they can be made with low cost. In addition, the coupling can be designed to be assembled with ease. Therefore,
its ram velocity can be altered to meet the demands of various forming types, by employing different dimensions of the
coupling, with cost and time efficiency.
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Fig. 10. Comparison.
7. Conclusions
In this work, a novel design for a press system with a six link mechanism driven by a generalized Oldham coupling
has been proposed. Kinematic analysis has been carried out from its geometry. The kinematic dimensions of the variable
coupling are found by using an optimizationmethod. Finally, a design example has been given for illustration. The computer
simulation results indicated that the proposed novel press with optimized kinematic dimensions can produce different
and better output motion for deep drawing. In addition, it has the advantages of lower cost and energy consumption, high
productivity and reliability, compared to a conventional mechanical press and a servo press.
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